The smooth spin-down of young pulsars is perturbed by two non-deterministic phenomenon, glitches and timing noise. Although the timing noise provides insights into nuclear and plasma physics at extreme densities, it acts as a barrier to high-precision pulsar timing experiments. An improved methodology based on Bayesian inference is developed to simultaneously model the stochastic and deterministic parameters for a sample of 85 high-E radio pulsars observed for ∼ 10 years with the 64-m Parkes radio telescope. Timing noise is known to be a red process and we develop a parametrization based on the red-noise amplitude (A red ) and spectral index (β). We measure the median A red to be −10.4 +1.8 −1.7 yr 3/2 and β to be −5.2 +3.0 −3.8 and show that the strength of timing noise scales proportionally to ν 1 | ν| −0.6±0.1 , where ν is the spin frequency of the pulsar and ν its spin-down rate. Finally, we measure significant braking indices for 19 pulsars, proper motions for two pulsars and discuss the presence of periodic modulation in the arrival times of five pulsars.
INTRODUCTION
Young neutron stars provide unique insights into astrophysics that are not available from the bulk of the pulsar population. They frequently exhibit two types of deviations from a steady spin-down behaviour, 'glitches' and 'timing noise'. Glitches are sudden jumps in the pulsars' spinfrequency acting as probes of neutron star interiors. Timing noise is a type of rotational irregularity which causes the pulse arrival times to stochastically wander about a steady spin-down state. Our sample is representative of pulsars that are spinning down rapidly and present the most promising avenue for detailed studies of timing noise, glitches and their spin-down behaviour.
The technique of pulsar timing enables the precise mea-E-mail: aparthas@swin.edu.au surement of their spin periods (P) and their spin-down rates ( P), allowing us to study their evolution in the P − P diagram (Johnston & Karastergiou 2017) , see Figure 1 . Although young pulsar timing offers several opportunities to explore a plethora of astrophysical phenomena, it is a challenging prospect as most of these astrophysical signals are dominated or biased by timing noise and glitches. A careful methodology is thus needed in the analysis of young pulsar timing data to disentangle the deterministic processes from the stochastic components. For example, young pulsars are thought to be associated with supernova remnants, and measuring their proper motions ) allows us to probe the connections between the neutron star and its progenitor, which has implications for birthrate statistics (Manchester 2004) . Unbiased measurements of proper motion through pulsar timing can be obtained only if the timing noise in the pulse arrival times is modelled accurately. While Figure 1 . P − P diagram showing our sample of 85 young pulsars coloured according to their preferred timing model. The different timing models are outlined in Section 3. A few pulsars are also highlighted to be X-ray (XRS) or Gamma-ray sources (GRS) and/or to have known supernova associations (SNR). Our sample of pulsars mostly have E > 10 34 ergs/s, surface magnetic fields ranging from 10 12 G to 10 13 G with characteristic ages of 10 5 to 10 6 years.
understanding the origin of the stochastic signals present in the ToAs is important, it is also essential to characterize and mitigate the effects of these signals as part of the general timing model because it reduces the bias in the estimation of other deterministic pulsar parameters.
Timing noise
Timing noise manifests itself as a red-noise process in the ToAs, implying an autocorrelated process on a time-scale of months to years and is generally described by a wide-sense stationary stochastic signal (Groth 1975) . Boynton et al. (1972) attempted to describe the timing noise in the Crab pulsar as random walks in either the phase, frequency or the spin-down parameter of the pulsar. They showed that the power spectra expected from such random walks will be proportional to −2, −4 and −6 for phase, frequency and spin-down respectively. Following this, many attempts have been made to study the timing noise in pulsars over increasing data spans and for a larger sample of pulsars. Cordes & Helfand (1980) studied the timing behaviour of 50 pulsars and found that the timing activity was correlated with P but weakly correlated with P and concluded that timing activity is consistent with a random walk origin. As more pulsars with longer data sets were studied, it became apparent that timing noise might be explained by a combination of different random walks in pulsar spin-frequency (ν) and spin-frequency derivative ( ν) and by discrete jumps in phase and spin-parameters. Timing noise is thought to arise due to changes in the coupling between the neutron star crust and its super-fluid core (Jones 1990) or magnetospheric torque fluctuations (Cheng 1987b , Lyne et al. 2010 . It has also been attributed to microjumps, which are similar to small glitches (Melatos et al. 2008 ) and fluctuations in the spindown torque (Cheng 1987a) . It has often been suggested that the superfluid interior of a neutron star can have macroscopic Kolmogorov-like turbulence which can contribute to stochasticity in the spin-down processes observed in radio pulsars (Greenstein 1970 , Link 2012 , Melatos & Link 2014 ).
The observations of quasi-periodic state switching of pulsars (Kramer et al. 2006 , Lyne et al. 2010 , each state with a distinct spin-down rate, led to alternative descriptions of timing noise being periodic or quasi-periodic processes. Unmodelled planetary companions (Kerr et al. 2015) , pulse-shape changes (Brook et al. 2016) , accretion from the ISM (Cordes & Greenstein 1981) or free precession (Stairs et al. 2000 ) have also been attributed as explanations for the observed low-frequency structures in the ToAs. Hobbs et al. (2005) , studied a large sample of pulsars observed over ∼ 10 years and concluded that timing noise is widespread in pulsars, and that it cannot be explained as a simple random walk in pulse phase, frequency or spin-down rate. The timing noise in millisecond pulsars (MSPs) has been mainly studied to understand their sensitivity to nHzfrequency gravitational waves (Lam et al. 2017 , Caballero et al. 2016 . However, unlike millisecond pulsars, the timing noise in young pulsars is very strong, often contributing many cycles of pulse phase on week to month timescales. Shannon & Cordes (2010) pointed out that the observed strength of timing noise varies by more than eight orders of magnitude over magnetars, young and millisecond pulsars.
Pulsar spin-down and braking index
The long-term spin-down of a pulsar can be approximated as
where K is a constant and n is the braking index. The braking index describes the relationship between the braking torque acting on a pulsar and its spin-frequency parameters, and provides a probe into the physics dictating pulsar temporal evolution. We solve for n by taking the derivative of equation 1,
where ν is the second derivative of the spin frequency. For standard magnetic-dipole braking, the magnetic field strength and the magnetic-dipole inclination angle are assumed to be constant in time, with n = 3 (Espinoza et al. 2017) . While measuring ν and ν is trivial using standard timing methods, measuring the long-term ν is challenging, mainly because of the fact that it is a very small quantity. In 'old' pulsars, with ν ∼ 1 Hz and ν ∼ 10 −15 Hz s −1 , the estimated ν from equation 2 is ∼ 10 −30 Hz s −2 . However for the youngest pulsars we estimate ν to be < 10 −20 Hz s −2 , which makes these pulsars suitable for studying pulsar braking mechanisms (Johnston & Galloway 2000) . If both K and n are constant in time, a pulsar will follow a track in the P− P diagram with a slope of 2 − n. The P − P diagram can then be used as an evolutionary tool in which pulsars are born in the upper-left region and as they age and spin-down, they drift towards the cluster of "normal" pulsars, with periods of ∼ 0.5 s (Johnston & Karastergiou 2017) . Both timing noise and glitches introduce variations in ν which becomes problematical in the long-term measurement of ν. Glitches are often modelled as permanent changes in spin-frequency (ν) and spin-frequency derivative ( ν) or as exponential decays in ν over τ days and are typically attributed to either the transfer of angular momentum between the super-fluid interior and the solid crust of the neutron star (Anderson & Itoh 1975 , Alpar et al. 1985 or as star quakes in the crystalline outer crust of the neutron star (Ruderman 1969 ).
Quasi-Periodic modulations
The reflex motion resulting from the orbital motion of a companion to a pulsar, introduces modulations in the ToAs, which led to e.g. the discovery of the double neutron star system B1913+16 (Hulse & Taylor 1975 ) and the first exoplanets (Wolszczan & Frail 1992) . Precession induces a periodic change in the spin-down torque which causes ToA modulation and since our line of sight cuts across different parts of the neutron star polar cap, there can also be an observed change in the shape of the pulse profile (Link & Epstein 2001) . Such events of ToA modulations were reported by Lyne et al. (2010) in 17 pulsars, of which 6 showed correlations with pulse profile variations. Recently, Stairs et al. (2019) reported correlated shape and spin-down changes in PSR J1830-1059, which they attributed to largescale magnetospheric switching. Brook et al. (2016) analysed 168 pulsars and searched for correlations between profile shape changes and ν and found that although this correlation is clear in some pulsars, the intrinsic relationship between change in ν and profile variability may be much more complex than previously postulated (see also Kerr et al. 2016 ).
Proper motions
Pulsars are created in supernovae, and the birth process is expected to impart a high 'kick velocity'. Various mechanisms have been proposed for these kicks, including an asymmetric neutrino emission in the presence of super-strong magnetic fields (Lai & Qian 1998) , a postnatal electromagnetic rocket mechanism (Harrison & Tademaru 1975) , asymmetric explosion of γ-ray bursts (Cui et al. 2007 ) and hydrodynamical instabilities in the collapsed supernova core (Lai & Goldreich 2000) . While the evidence for such kicks is unequivocal (Johnston et al. 2005) , their physical origin remains unclear. A pulsar's proper motion causes sinusoidal variations in ToAs with a periodicity of one year and an amplitude which increases with time.
1.5 The Bayesian pulsar timing framework Lentati et al. (2013) pointed out that in order to obtain an unbiased estimation of the pulsar parameters (proper motions, spin parameters, braking index etc.) it is important to simultaneously model the stochastic (timing noise) and the deterministic (pulsar) parameters. Most of the frequentist approaches (Hobbs et al. 2004 , Coles et al. 2011 do not consider the covariances between the timing model and the stochastic processes, and the uncertainties in the parameter estimates, motivating the development of temponest (Lentati et al. 2014) , which performs a simultaneous analysis of the timing model and additional stochastic parameters using the Bayesian inference tool, Multinest (Feroz et al. 2009 , Feroz et al. 2011 . It also allows for robust model selection between different sets of timing parameters based on the Bayesian evidences. We use temponest to simultaneously model the pulsar parameters and the noise parameters and use the Bayesian evidence to select the optimal model for each pulsar. Such an analysis allows us to discuss the statistical properties of timing noise and also compare the results with those obtained from other Bayesian tools.
In Section 2, we describe the observing program and the data processing pipeline. In Section 3, we describe the Bayesian timing analysis in detail and present the mathematical formulation of the timing model. In Section 4, we present the basic observational characteristics, the timing solutions, the timing noise models for our sample of pulsars along with the new proper motions. Finally in Section 5, we delve into the implications of our results.
OBSERVATIONS
In this paper, we study 85 pulsars observed at a monthly cadence using the 64-m CSIRO Parkes radio telescope in support of the Fermi mission that commenced in February 2007 (Smith et al. 2008 , Weltevrede et al. 2010 ). We selected pulsars for which there were no identified glitches 1 . These pulsars have E > 10 34 ergs/s, surface magnetic fields typically ranging from 10 12 G to 10 13 G with characteristic ages of 10 5 to 10 6 years as shown in Figure 1 . Two pulsars, PSR J1513-5908 and J1632-4818 have known associations with supernova remnants, five other pulsars, PSR J0543+2329, J1224-6407, J1509-5850, J1809-1917, J1833-0827 are known X-ray sources and 3 others, J1509-5850, J1513-5908, J1648-4611 are known gamma-ray sources (Abdo et al. 2013) .
Most of these observations were carried out using the 20-cm multi-beam receiver (Staveley-Smith et al. 1996) , with 256 MHz of bandwidth divided into 1024 frequency channels and folded in real-time into 1024 phase bins. Some of these pulsars were also observed at radio wavelengths of 10-cm and 40-cm. Each pulsar is observed for a few minutes depending upon its flux density. The observations were excised of radio frequency interference (RFI) and calibrated using standard PSRCHIVE (Hotan et al. 2004 ) tools and averaged in frequency, time and polarization. The ToAs of the pulses were computed by correlating a high signal-to-noise ratio, smoothed template with the averaged observations. For this analysis, we use only the 20-cm observations as the 10-cm data are sparsely spaced in time and the 50-cm data are highly corrupted by RFI. 
TIMING ANALYSIS
Establishing a phase coherent solution to the ToAs is an important step in the process of pulsar timing. We know that most of the young pulsars have a strong presence of timing noise and frequent glitches which makes it difficult to produce and maintain phase-connected timing solutions. We use the pulsar-timing code, tempo2 (Hobbs et al. 2006) to attribute relative pulse numbers to the ToAs and obtain phase connection in the timing residuals.
We split the timing analysis into 2 steps. The first step involves phase connecting the timing residuals. The second step involves using the phase connected timing solution in the Bayesian timing package, temponest, to construct a complete timing model with stochastic and additional deterministic parameters. temponest allows us to simultaneously model stochastic and deterministic parameters of interest and marginalize over nuisance parameters that are of no interest to this analysis. For example, in one of the timing models, we fitted the timing noise parameters (white noise and red noise) while simultaneously searching over a wide range of position and spin parameters, while keeping the dispersion measure (DM) fixed. We compute a Bayesian log-evidence value associated with the models for each pulsar to determine which timing model is preferred.
The ToAs for each pulsar are considered to be a sum of both deterministic and stochastic components:
The deterministic components in our timing models include various permutations of the pulsar position, spin, proper motion and the spin-down parameters while the stochastic contribution is computed by introducing additional parameters that describe the white and red noise processes. The white noise is modelled by adjusting the uncertainty on individual ToAs to be,
where F, referred to as EFAC, is introduced as a free parameter to account for instrumental distortions and σ r 2 is the formal uncertainty obtained from ToA fitting. In our analysis we use a global EFAC flag for our 20-cm observations. An additional white noise component (σ Q 2 ), commonly referred to as EQUAD, is used to model an additional source of time independent noise measured for each observing system.
In young pulsars, radio-frequency independent timing noise is the dominant contributing factor towards the rednoise in the ToAs. Many approaches have been taken to improve the parameter estimates by removing some portion of this low-frequency timing noise. Hobbs et al. (2004) developed a technique to 'whiten' the timing residuals using harmonically related sinusoids, that allowed the measurements of proper motions for a large sample of young pulsars using standard timing methods. Coles et al. (2011) argued that the previously developed "pre-whitening" methods assumed that the measurements were uncorrelated which resulted in a bias in the parameter estimates. They proposed a new method of improving the timing model fit by using the Cholesky decomposition of the covariance matrix, which described the stochastic processes in the ToAs. They argued that the optimal approach to characterise timing noise, especially those dominated by the presence of strong red noise is to analyze the power spectral density of the pulsar timing residuals. They modelled the timing noise in pulsars using a power-law model to fit for an Amplitude (A) and a spectral index estimate (β). This technique has been used to determine the timing noise parameters and proper motions of millisecond pulsars (Reardon et al. 2016) .
van Haasteren & Levin (2013) later developed a joint analysis of the deterministic timing model and the stochastic parameters using a Markov Chain approach and argued that the stationarity of the time-correlated residuals breaks down in the fitting process and that failure to account for the covariances between the deterministic and stochastic parameters leads to incorrect estimation of the uncertainties in the spectral estimates, especially for quadratic spin-down parameters. However, Lentati et al. (2013) pointed out that because the parameter space changes with the linearisation of the timing model, it becomes difficult to perform model selection with the approach in van Haasteren & Levin (2013) .
In our analysis we do not search for DM variations and fix the value for the DM in all the models. This is justified as Petroff et al. (2013) found only upper limits to DM variations in the pulsars under consideration here. We model the timing noise as a power-law power spectrum characterised with a red-noise amplitude (A red ) and a spectral index (β):
where f yr is a reference frequency of 1 cycle per year and A red is in units of yr 3/2 . Motivated by the observations of quasiperiodic timing noise observed in many pulsars, we also model the timing noise as a cut-off power law as described by:
where f c is the corner frequency and A is (A 2 red /12π 2 ). We also consider the fact that in young pulsars, the measured timing noise spectral index tends to be steeper as compared to the rest of the pulsar population, with measured values of β ∼ 9 ) and so we include low-frequency components with frequencies f < 1/T span to model the lowest frequency timing noise.
A systematic search for periodic modulations in the ToAs is also conducted. We search for harmonic modulations by fitting for a sinusoid with an arbitrary phase, frequency and amplitude and compare the Bayes factor of this model with the others. We also simultaneously model the stochastic parameters with the proper motion parameters to obtain a more robust estimation of the transverse velocity of the pulsar.
Finally, we search for a braking index, which is caused due to the deceleration of the spin-down rate due to the associated decrease in the magnetic torque. For young pulsars, this braking introduces a measurable second derivative of the spin frequency,
and potentially even a third frequency derivative,
Analysing the braking indices from a large sample of young pulsars offers a window into the various processes that govern the pulsar spin down. Pulsar braking is a deterministic process and is manifested as low-frequency structures in the ToAs.
The Bayesian Inference Method
At the heart of all Bayesian analysis is the Bayes' theorem, which for a given set of parameters Θ in a model H, given data D, can be written as: The way we discriminate one model over the other is by considering the evidence (Z) which is the factor required to normalize the posterior over Θ,
where n is the dimensionality of the parameter space and the "odds ratio", R,
where
is the a priori probability ratio for the two models.
Assuming the prior probability of the two models is unity, the odds ratio R reduces to the Bayes factor which is then the probability of one model compared to the other. Since in our analysis we compute the log-evidence, the log Bayes factor is then simply the difference of the log-evidences for the two models. A model is preferred if the log Bayes factor is greater than 5. This states that with equal prior odds, we can expect there to be a 1e −5 chance, (i.e, 1 in 150) that one hypothesis is true over the other. This is similar to Lentati & Shannon (2015) , who state that a Bayes factor of > 3 is strong and > 5 is very strong. If multiple models have a Bayes factor greater than 5, we select model A, with a Bayes factor of X, if A is the simpler model and other models have Bayes factors not greater than X+n, where n = 5 is the threshold. All of these models are computed using the 'Bayesian young pulsar timing' pipeline that is cluster-aware and simultaneously processes multiple models for each pulsar. We use ∼ 25 different timing models for each pulsar, leading to a total of 2125 models, which were processed in less than 15 hours. The pipeline and the relevant instructions can be found in https://bitbucket.org/aparthas/youngpulsartiming.
The Bayesian pulsar timing approach is powerful because it allows for the simultaneous modelling of stochastic and deterministic parameters while also allowing for robust model selection based on the principles of Bayesian inference. The unique timing models that we use for each pulsar are:
• No stochastic parameters (NoSP), • Stochastic parameters using a power-law model (PL), • Stochastic parameters using a cutoff power-law model (CPL), • Proper motion and stochastic parameters (PL+PM), • ν and stochastic parameters (PL+F2), • Model with low-frequency components and stochastic parameters (PL+LFC),
• Model with a single sinusoidal fit and stochastic parameters (PL+SIN). Table 2 provides a list of unique parameters used in our different timing models along with their prior ranges. We choose wide prior ranges for the red noise amplitude and spectral index because timing noise in young pulsars is strong and can have a relatively steep spectral index. To perform an unbiased search for the proper motion, our prior distributions range from -1000 mas/yr to +1000 mas/yr. Similarly, to ensure unbiased priors for position, spin and spin-down parameters, the uncertainties of the initial leastsquares fit values for each of these parameters are multiplied by 10 4 .
Using various reasonable permutations of these models, we build more sophisticated timing models leading to a total of 25 different models per pulsar. It must be noted that in all of the above models, including the NoSP model, the position (RAJ and DECJ) and the spin parameters (ν and ν) are fitted simultaneously with the other relevant model parameters.
RESULTS
In Table 1 we present the position and spin parameters for the pulsars in our sample with their 95% credible regions as calculated from the posterior distributions along with their observation timespan. Figure 2 shows the timing residuals from the preferred model, without subtracting the modelled timing noise. This is the first time that the timing noise has been consistently modelled using Bayesian inference for a large sample of young pulsars. In Table 3 we present the preferred timing model, the Bayes factor of that model relative to the base model, which in this case is the model in which the position, spin frequency, spin frequency derivative and a power-law timing noise are fitted for. The Bayes factor is zero if the preferred model is the base model (PL). For the first 19 pulsars listed, we report significant detections of ν and the derived braking index values (n) from the preferred model, while for the rest, we report their upper and lower limits as derived from the PL+F2 model. The braking index is estimated by using equation 2 on the entire posterior distribution of ν, ν and ν. The values for A red and β are derived from the preferred model as stated in the second column.
We find that for two pulsars, PSR J1843-0355 and PSR J1853+0011, a model without the timing noise is preferred, while for 58 other pulsars, a model with only the powerlaw timing noise is strongly preferred. There is marginal to strong evidence for the presence of low-frequency components which are much longer than the data set for five pulsars. We find marginal evidence supporting a cut-off frequency in the power-law timing noise model for PSR J1512-5759.
A model with a ν is preferred for 19 pulsars, out of which for three pulsars, the model with low-frequency components is preferred, and for one other pulsar a model with a proper motion is preferred. The braking indices for these pulsars, along with the implications on glitch recovery models and pulsar spin-down are discussed in a second paper (Parthasarathy et al., in prep.) . A model with only the proper motion is preferred for PSR J0745-5353. Table 4 lists the values for the proper motion in right ascension and declination in mas yr −1 , i.e., µ α = α cos δ and µ δ = δ and contains the computed transverse velocity using the distance derived from the DM using the electron-density model of Yao et al. (2017) . PSR J1702-4306 shows indication for periodic modulation in its ToAs, which is discussed further in Section 5.3. It was noted that for PSR J1830-1059, an unpublished glitch was reported 2 , on July 29, 2009 (MJD 55041). For this pulsar a model with a glitch, a ν, and a cut-off power law fit is preferred. It is interesting to note here that we find an evidence for a cut-off frequency for only 2 pulsars out of the 85 in our sample. Figure 3 shows the distribution of A red and β extracted from the preferred model for each pulsar in our sample except for the two pulsars for which the cut-off power law model is preferred. The errors shown in the plot are the 2.5% and 97.5% confidence limits on both the parameters. The median value for log 10 (A red ) is −10.4 +1.8 −1.7 yr 3/2 and for β is −5.2 +3.0
. Figure 3 also shows the integrated posterior distribution for the timing noise parameters. Contours are plotted for the 50% and 95% confidence intervals with the accompanying histograms.
We test the robustness of the timing noise model by comparing them to an independent Bayesian analysis tool, Enterprise 3 (Enhanced Numerical Toolbox Enabling a Robust Pulsar Inference Suite), which is developed for timing noise and gravitational wave analysis in pulsar timing data. With Enterprise, we use a Parallel-Tempering Ensemble Markov Chain Monte Carlo (PTMCMC) sampler. The prior ranges for the noise models are identical and in both the cases the red noise is modelled as a power law. Since Enterprise does not allow for full non-linear sampling of the timing model and only does implicit marginalization over the parameters in the linear perturbation regime, we compare the noise models for the pulsars that prefer the power-law model only. The distributions are similar to that shown in Figure 3 with median values of the log 10 (A red ) and β being, −10.4 +1.8 , −5.2 ± 3.3 using temponest and Enterprise respectively.
DISCUSSION

Timing noise
Various attempts have been made to quantify timing noise in pulsars. Cordes & Helfand (1980) proposed an 'activity parameter' (A) that measured the timing noise relative to the Crab pulsar,
where σ TN,2 (T) is the RMS residual phase from a second order least squares polynomial fit. They found that this parameter is strongly correlated with the characterstic age of the pulsars. Arzoumanian et al. (1994) measured the strength of the timing noise (∆ 8 ) after a cubic polynomial fit to the (0.02,0.03) (10,170) Table 3 . A summary of the preferred timing model, its Bayes factor compared to the base model, and 95% confidence limits on the timing noise parameters (A red and β) for each pulsar are reported. The first 19 pulsars listed have a significant detection of ν and n while for the rest the lower 2.5% and upper 97.5% confidence limits are reported from the PL+F2 model (continued). (0.01,0.02) (25,100) Table 3 . A summary of the preferred timing model, its Bayes factor compared to the base model, and 95% confidence limits on the timing noise parameters (A red and β) for each pulsar are reported. The first 19 pulsars listed have a significant detection of ν and n while for the rest the lower 2.5% and upper 97.5% confidence limits are reported from the PL+F2 model (continued). ToAs over a time period (T 8 ), of 10 8 s and found a strong correlation with the pulsar period derivative, Shannon & Cordes (2010) argued that statistics based on a cubic fit ( ν) underestimates the strength of the timing noise and proposed that the RMS timing noise after a second order fit is a more accurate diagnostic (i.e. they simply use σ TN,2 (T) without the Crab as reference). They also developed a metric (σ P ),
PSR
which linked the timing noise with the measured pulsar parameters. Using a maximum likelihood approach they determined the coefficients α, β, γ and the scaling factor (C2) given the pulsar parameters and the time span (T). We characterise the strength of the timing noise in our pulsars using the equation, log 10 (σ TN 2 ) = 2 log 10 (A red ) + log 10
where T signifies the time span over which ν is measured. Previous metrics for timing noise relied upon modelling it as either a second-order or a cubic polynomial which directly affected the measurements of higher order spin-down parameters. Since we characterize the timing noise as a power-law using the amplitude and spectral index, it allows us to measure an unbiased value for the pulsar spin-down parameters. To determine the correlation between different pulsar parameters and the strength of the timing noise (σ TN ), we perform a linear least-squares regression analysis between σ TN (with T = 10 y) and σ P ,
The correlation coefficient (r), is computed in a linear regression analysis. We search over the parameter space spanned by arbitrary scaling coefficients, a and b to find the maximally correlated scaling relationship. The various pulsar parameters can then be expressed in terms of ν and ν as:
• Spin-period derivative: ν −2 | ν| 1 • Spin-down age: ν 1 | ν| −1 • Surface magnetic field strength: ν −3/2 | ν| 1/2 • Magnetic field at the light cylinder: ν 3/2 | ν| 1/2 • Rate of loss of rotational kinetic energy: ν 1 | ν| 1 and are represented in Figure 4 .
Since the correlation coefficients maintain rotational symmetry in the (a, b) plane and following the discussion in Jankowski et al. (2018) , any combination of (a, b) that has the same ratio will have the same correlation coefficient. For example, the spin-down derivative can be expressed as ν 1 | ν| −1/2 or ν −2 | ν| 1 . In our analysis, we set the a = 1, which results in the various pulsar parameters being expressed as a function of b as shown in Figure 4 . We then find that the maximum absolute correlation coefficient for σ TN occurs at b = −0.9 ± 0.2 for our sample of young pulsars.
This suggests that the timing noise is more closely correlated with spin-period derivative and spin-down age of the pulsar as compared to E. Analysing the relationship of the timing noise with observing time span, we find no evidence for band-limited timing noise, which would be expected to flatten over longer timing baselines. We compare our results with those of Shannon & Cordes (2010) , who reported a scaling relation of ν −0.9±0.2 | ν| 1.0±0.05 , which can also be expressed as ν 1 | ν| −1.1±0.2 . We find that our scaling relationships are consistent with those reported by Shannon & Cordes (2010) .
To test the robustness of this correlation, we also include the timing noise parameters of 8 MSPs from a sample of 49 pulsars from the International Pulsar Timing Array Data release 1 (Verbiest et al. 2016) for which the preferred stochastic model is the spin-noise process 4 . The MSPs have a typical observing span of ∼10 years and the timing noise is modelled as a power-law process using temponest. We find that on adding the MSPs to our sample, we obtain a stronger correlation and the maximum absolute correlation occurs for b = −0.6 ± 0.1, (Figure 4) . van Haasteren & Levin (2013) derive an expression (equation 22 in their paper) for relating the power spectral density to the average RMS in the post-fit timing residuals, which can be used to relate T γ in equation 14 to β in equation 15 as γ = β−1 2 . From such a relation, we obtain a value of γ to be 2 ± 0.1, consistent with Shannon & Cordes (2010) . The correlation coefficients obtained for pulsar age, E and magnetic field strength are also shown in Figure 4 . Figure 5 shows the correlation between σ TN and the timing noise metric (σ P ) for a = 1 and b = −0.6 ± 0.1. For the young pulsar sample, the error bars are 95% confidence limits computed from the measured posterior distributions, while for the MSPs, they are adopted from the 1σ confidence limits from Lentati et al. (2016) . It is evident that the timing noise is stronger in young pulsars as compared to older pulsars (MSPs) in which case, we measure smaller values for the red-noise amplitude and shallower spectral indices. Our parametrization of timing noise from measured values of A red and β can be used to predict the relative strength of timing noise in new pulsars given their spin-down parameters.
We find marginal evidence for the presence of a corner frequency ( f c ) in PSR J1512-5759. The posterior distribution of the corner frequency and the timing noise parameters for this pulsar are shown in Figure 6 . We find that for five pulsars, a model with a low-frequency component (LFC ) is preferred. This model implements extra sinusoidal fits at frequencies much longer than the dataset. It is worth noting here that the measurement of low-frequency components is strongly correlated with the amplitude of the red noise (see Figure 7) in the timing residuals. The prospects of detecting signatures at low-frequencies is greater when the red-noise amplitude is larger. This is clearly reflected in the Bayes factors obtained for both PSR J0820-3826 (BF of 6.15) and PSR J1820-1529 (BF of 3.18), which have measured rednoise amplitudes of −11.1 1.8 1.0 yr 3/2 and −12.5 4.6 1.9 yr 3/2 respectively. For PSR J1643-4505, although the Bayes factor is just 3.24, the measured red-noise amplitude is relatively larger (−10.1 0.5 0.3 yr 3/2 ), thus leading to a relatively well constrained posterior for the LFC parameter as shown in Figure 7 . The Table 4 . Proper motions for 2 pulsars reported with their pulsar distance (as estimated from the DM in Yao et al. (2017) ) and the computed transverse velocities using the proper motion in right ascension (V αT ) and total (V T ). The error bars reported are 95% confidence limits. The epoch for the position is the same as the epoch of the period reported in low Bayes factor can perhaps be attributed to the additional detection of ν.
Proper motions and pulsar velocities
For the 2 pulsars listed in Table 4 , the posterior distributions of the proper motions are shown in Figure 8 . PSR J0745-5353 shows a clear detection of a proper motion signature. Assuming a distance of 0.57 kpc, the derived transverse velocity of 220 ± 30 km/s is typical of the population of pulsars as a whole. For PSR J1809-1917, we measure a significant proper motion in right ascension, while the proper motion in declination is consistent with zero. The transverse velocity computed from µ α is ∼ 300 kms −1 , which is reasonable in terms of the transverse velocities for the general pulsar population.
PSR J1745-3040 has a previously reported proper motion from both the frequentist method (Zou et al. 2005) , with µ α of 6 ± 3 mas/yr, µ δ of 4 ± 26 mas/yr and the Bayesian method (Li et al. 2016) , with µ α of 11.9 ± 16 mas/yr, µ δ of 50 ± 12 mas/yr. In our analysis the proper motion model is marginally better than the power-law model (PL) with a Bayes factor of 2. From this model, we obtain a µ α of 9.9 ± 3.5 mas/yr and a µ δ of 10.5 ± 27.6, which are consistent with the previous measurements. PSR J1833-0827 has a previously reported timing proper motion , but the preferred model in our analysis shows a strong detection of ν.
There are 2 other pulsars, PSR J1453-6413 (Bailes et al. 1990 ) and J1825-1446 (Dexter et al. 2017 ) that have a previously reported interferometric proper motions with greater than 3σ significance. In our analysis, the uncertainties associated with the proper motion measurements are quite large for these pulsars with the preferred models being a powerlaw model for PSR J1453-6413 and a sinusoidal fitting model for PSR J1825-1446.
Unbiased measurements of proper motion and other such deterministic parameters in pulsars that are strongly contaminated with timing noise strongly underscores the evidence-based model selection that we have employed here. Increasing the timing baselines will help to discover further significant proper motion measurements.
Pulsars with planetary companions?
To search for periodic modulations in our pulsars, we fit for a sinusoid with varied amplitudes, phases and frequencies and compare the evidences to choose the preferred model. Here mour & Lorimer (2013) . The detection of a glitch in 2009, further complicates the theoretical models invoking explanations based on pinned vortices inside neutron stars. We conclude that the deviation from a simple power-law, the presence of a glitch and the identified mode changing make this pulsar more complex and demands further investigation.
PSR J1638-4608 was reported to show a strong evidence for a single sinusoid fitting in Kerr et al. 2016 . Close examination however revealed the presence of 2 new glitches. The amplitudes of these are glitches are very small, in the order of 10 −8 Hz and 10 −9 Hz. We find that, after taking the glitches into account, the glitch inclusive model (GL+SIN ) has a Bayes factor of ∼60 as compared to the model with only the stochastic parameters (PL).
It is useful to note here that although the pulsars presented in this analysis were manually selected to not have any identified glitches in the data set, we subsequently found that the two pulsars discussed above had detected glitches. This was missed in the initial manual search owing to the small glitch amplitudes. We decided to retain them in the paper, because for one of the sources, the glitches were unpublished, while for the other, it significantly changed the favoured model.
For PSR J1702-4306, Kerr et al. (2016) saw strong evidence for a single sinusoid with a projected semi-major axis (a n ) of 2.9 ± 0.7 ms and an orbital period (P b ) of 391 ± 10 days. In our data, we find that the sinusoidal model is strongly preferred over the PL model by a Bayes factor of 7.1. We measure a n to be 2.6 ± 0.2 ms and P b to be 316 days. It is unclear if these effects are caused due to neutron star precession or due to the presence of a planetary companion, as discussed in Kerr et al. (2016) .
CONCLUSIONS
We have applied an improved methodology based on Bayesian inference on a large sample of high E, young pulsars to measure different stochastic and deterministic parameters of interest. We have shown that evidence-based model selection is a powerful technique to disentangle stochastic processes from deterministic ones and to obtain unbiased measurements of pulsar parameters. For each pulsar in our sample, a total of 25 different models were compared and the best model was selected based on a Bayes factor threshold of 5. The power-law model was preferred for 58 pulsars, while we found no evidence of timing noise in two pulsars. The low-frequency component (PL+LFC ) model was preferred for five pulsars and in two other pulsars we measure a proper motion signature. Marginal evidence for the presence of a corner frequency in the power-law was detected in two pulsars. We report two new glitches in PSR J1638-4608 and find evidence for periodic modulation in the ToAs of both PSR J1638-4608 and PSR J1702-4306. We have also compared our timing noise models with an independent Bayesian package, enterprise and obtained consistent results.
We characterize the timing noise as a power-law based on the red-noise amplitude (A red ) and spectral index (β) and report that there is a strong correlation between the spinperiod derivative of the pulsar and the strength of the timing noise. We develop a metric that can be used to determine the relative strength of the timing noise in any pulsar given its spin-down parameters. On adding MSPs to our sample, we notice that the correlation gets stronger, which is consistent with what is expected.
Finally, we measure significant ν measurements for 19 pulsars and also report their braking indices. We discuss the significance of the braking index measurements, their robustness and the effects of glitch recovery models in a subsequent publication.
